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The multimeric membrane-tethering complexes
TRAPPI and TRAPPII share seven subunits, of which
four (Bet3p, Bet5p, Trs23p, and Trs31p) areminimally
needed to activate the RabGTPase Ypt1p in an event
preceding membrane fusion. Here, we present the
structure of a heteropentameric TRAPPI assembly
complexed with Ypt1p. We propose that TRAPPI
facilitates nucleotide exchange primarily by stabiliz-
ing the nucleotide-binding pocket of Ypt1p in an
open, solvent-accessible form. Bet3p, Bet5p, and
Trs23p interact directly with Ypt1p to stabilize this
form, while the C terminus of Bet3p invades the
pocket to participate in its remodeling. The Trs31p
subunit does not interact directly with the GTPase
but allosterically regulates the TRAPPI interface
with Ypt1p. Our findings imply that TRAPPII activates
Ypt1p by an identical mechanism. This view of a mul-
timeric membrane-tethering assembly complexed
with a Rab provides a framework for understanding
events preceding membrane fusion at the molecular
level.
INTRODUCTION
In eukaryotic cells, vesicles transport materials between mem-
brane-bound compartments. After a vesicle buds from a donor
membrane, it travels through the cytoplasm to its target mem-
brane, where it fuses to deliver its cargo. This membrane-fusion
event is mediated by SNAREs, a family of membrane proteins
located on the vesicle and targetmembranes (Jahn and Scheller,
2006). Vesicle transport, however, also requires the interplay of
a large number of peripheral membrane proteins that act
upstream of the SNAREs. These include coat proteins that are
needed for cargo selection and vesicle budding, tethering pro-1202 Cell 133, 1202–1213, June 27, 2008 ª2008 Elsevier Inc.teins, and small GTPases of the Rab family involved in regulation.
Tethers are either long coiled-coil proteins or large multimeric
complexes that mediate the initial interaction of the vesicle and
its target membrane (reviewed in Cai et al., 2007a).
TRAPPI is one of the best-characterized multiprotein tethering
complexes. First described in the yeast S. cerevisiae (Sacher
et al., 1998), TRAPPI subunits are present in all eukaryotes
(Koumandou et al., 2007). In yeast, TRAPPI mediates the tether-
ing of endoplasmic reticulum (ER)-derived COPII-coated vesi-
cles at the cis-Golgi (Sacher et al., 1998). Tethering involves
interactions between the TRAPPI subunit Bet3p and Sec23p
(Cai et al., 2007b), a component of the COPII coat adaptor com-
plex (Kuehn et al., 1998). This interaction targets a COPII vesicle
to the Golgi (Cai et al., 2007b). Critically, TRAPPI also functions
as a guanine nucleotide exchange factor (GEF) for the Rab
GTPase Ypt1p (Sacher et al., 2001), facilitating the conversion
of the inactive GDP-bound form of Ypt1p to the active GTP-
bound form. Membrane fusion proceeds only once Ypt1p is
activated by TRAPPI (Cai et al., 2007a). TRAPPI shares multiple
subunits with the TRAPPII complex, which mediates trafficking
events within the Golgi and from the early endosome to the
late Golgi (Cai et al., 2005).
The TRAPPI complex comprises seven small subunits (two
copies of Bet3p and one copy each of Bet5p, Trs20p, Trs23p,
Trs31p, and Trs33p), which range in size from 18 to 33 kDa, as
well as a larger 80 kDa protein Trs85p (Sacher et al., 1998,
2000). Except for Trs33p and Trs85p, all of the TRAPPI subunits
are required for cell viability (Sacher et al., 1998, 2000). Unusu-
ally, TRAPPI GEF activity does not reside on any one subunit
(Kim et al., 2006; Cai et al., 2007b) but requires a minimal com-
plex of Bet3p, Bet5p, Trs23p, and Trs31p (Kim et al., 2006).
The requirement of complex assembly as a prerequisite for
GEF activity may allow for additional regulation of vesicle trans-
port.
To understand how TRAPPI subunits cooperate in activating
Ypt1p, we have determined the crystal structure of a TRAPPI
subassembly in complex with Ypt1p at a resolution of 3.7 A˚.
The structure offers a snapshot of the interactions between
a multimeric membrane-tethering complex and a Rab GTPase.
The TRAPPI subcomplex studied contains the minimum number
of subunits (two copies of Bet3p and one each of Bet5p, Trs23p,
and Trs31p) needed to activate Ypt1p (Kim et al., 2006), and in
the structure, this assembly stabilizes the GTPase in its interme-
diate, nucleotide-free form. A comparison of nucleotide-free
Ypt1p with existing nucleotide-bound structures of the enzyme
(PDB ID 1YZN; Eathiraj et al., 2005) or its mammalian homolog
Rab1a (PDB ID 2FOL) allows us to propose a mechanism for
guanine nucleotide exchange in which each subunit in the
TRAPPI subassembly contributes to the activity of this multi-
meric GEF.
RESULTS AND DISCUSSION
Overview of the TRAPPI Subcomplex
The crystal structure of a TRAPPI subassembly (Figures 1A–1C)
consisting of one copy each of Bet5p, Trs23p, and Trs31p and
two copies of Bet3p (named Bet3p-A and Bet3p-B) was deter-
mined in complex with a C-terminally truncated Ypt1p (residues
1–180). Data collection and refinement statistics are shown in
Table S1 (see Supplemental Data available online). The 26 resi-
due Ypt1p C terminus that was truncated is not required for
activation of nucleotide exchange by TRAPPI (data not shown).
The TRAPPI subassembly is about 135 A˚ long and 30–75 A˚ in
diameter (Figure 1A). One of its surfaces is largely acidic,
whereas the other has both basic and acidic regions (Figure 1B).
Bet3p-A, Bet5p, Trs23p, and Bet3p-B are arranged end to end
along the length of the complex (Figures 1A and 1C). Bet3p-A/
Bet5p and Bet3p-B/Trs23p are related by a 2-fold rotation
around an axis centered at the Bet5p/Trs23p interface. Trs31p
binds at one end of the otherwise cylindrical complex,
interacting with both Trs23p and Bet3p-B.
The yeast small TRAPPI subunits in the crystal structure have
mixed a/b topologies (Figure 1C) similar to those previously des-
cribed for their vertebrate homologs (Kim et al., 2006, 2005b;
Turnbull et al., 2005). Despite limited sequence homology,
Bet5p and Trs23p (20% sequence identity) share a common
fold, as do Bet3p and Trs31p (15% sequence identity). The yeast
Trs23p protein does not have the PDZ-like domain described for
the mammalian protein, and insertions in the yeast proteins with
respect to the mammalian sequences are for the most part
disordered in the crystal structure. These insertions include
residues 76–103 and 148–168 in Trs23p and residues 1–54
and 104–164 in Trs31p. Bet3p has an additional N-terminal
a helix, which plays a role in subunit interactions. Importantly,
the C-terminal residues of Bet3p, disordered in all existing struc-
tures of the mammalian homolog (Kim et al., 2005a, 2005b;
Turnbull et al., 2005; Kummel et al., 2006b; and in TRAPP
subcomplexes as in Kim et al., 2006), are ordered in the
Ypt1p/TRAPPI complex, where they are involved in intermolecu-
lar contacts with Ypt1p.
A deep channel lined by hydrophobic residues traverses
each of the Bet3p subunits. Bet3p is palmitoylated via a thio-
ester linkage to a conserved cysteine (C80) (Turnbull et al.,
2005). We have modeled a palmitoylate group into the channel
of Bet3p-A, where we find density continuous with Cys80 in av-
eraged composite omit maps (Figure S1). The bound fatty acidis less well defined in Bet3p-B, though there is electron density
deep in the channel corresponding to eight to nine methylene
groups of the hydrocarbon tail. The palmitoyl group has been
shown to contribute to the stability of Bet3p (Kummel et al.,
2006a). Mutational analysis suggests, however, that neither
the palmitoyl group (Kim et al., 2005a; Turnbull et al., 2005)
nor the hydrophobic channel (Figure S2) are essential for
TRAPP function.
Ypt1p Interactions with TRAPPI
The Ypt1p binding site is on the acidic surface of the TRAPPI
subassembly. The interface is formed primarily by the Trs23p
subunit with smaller contributions from the two copies of
Bet3p and Bet5p (see Figures 1A and 1B). The total accessible
surface buried in the interface between Ypt1p and TRAPPI is
2990 A˚2. Accessible surfaces buried in the interfaces with
Trs23p, Bet3p-A, Bet3p-B, and Bet5p measure 1870, 650,
250, and 250 A˚2, respectively. There is no direct interaction
between Ypt1p and Trs31p. TRAPPI interacts (Figure 2) primarily
with residues in the central b sheet of Ypt1p (in strands S1, S2,
and S3), the switch I and II regions (residues 31–45 and
64–78), and the phosphate-binding loop, or P loop (residues
15–23). Switches I and II are those regions in the nucleotide-
binding pocket that adopt different conformations in the active
and inactive forms of Ypt1p, and the P loop is important in bind-
ing the b- and g-phosphates of nucleotides.
Structures are available for Ypt1p in complex with the nonhy-
drolysable GTP analog guanosine-50 (b,g) imidotriphosphate
(GppNHP) (PDB ID 1YZN; Eathiraj et al., 2005) and its mamma-
lian homolog Rab1a bound to GDP (PDB ID 2FOL). Rab1a is
nearly identical to Ypt1p over most of its sequence. In the
Ypt1p/TRAPPI complex, the Ypt1p N terminus (residues 4–10,
where 7–10 are in b strand S1) contacts Trs23p and has shifted
with respect to nucleotide-bound forms (Figures 2 and 3).
Small shifts in adjacent structural elements, the loop between
strands S2 and S3 (residues 53–54), as well as the C terminus
(residues 150–174, including H5) accompany the change in the
N terminus.
The most dramatic changes in Ypt1p, however, are in the
nucleotide-binding pocket. Residues 150–155 in a loop at the
Ypt1p C terminus form part of this pocket. In the Ypt1p/TRAPPI
complex, they are shifted into the pocket close to the position
occupied by the guanosine base in nucleotide-bound structures.
The Ala152 Cb would be within 2 A˚ of atoms in the guanosine
base, in a position incompatible with nucleotide binding.
The nucleotide-binding pocket is further perturbed by the
insertion of the Bet3p-A C terminus, which would clash sterically
(particularly at residues 189–193) with switch I as oriented in
nucleotide-bound forms of Ypt1p/Rab1a (Figures 3A and 3B).
The switch I region (residues 27–45) of Ypt1p is rearranged rela-
tive to its nucleotide-bound conformations (Figures 3A and 3B),
opening up the nucleotide-binding pocket. In their new confor-
mation, switch I residues 37–45 contact the Bet3-A C terminus
as well as residues in helix H1 of Bet5p and helix H1 of Trs23p
(Figure 2). Residues 32–36 in the middle of switch I are not well
ordered in the complex structure. In the nucleotide-bound
form, the highly conserved Tyr33 from this sequence contacts
the guanine base via an edge-to-face aromatic interactionCell 133, 1202–1213, June 27, 2008 ª2008 Elsevier Inc. 1203
(Eathiraj et al., 2005; PDB IDs 1YZN, 2FOL). Mutating this residue
to alanine (Y33A) accelerates GDP release by 10-fold
(Figure 3C) while not affecting nucleotide uptake (Figure 3D),
thereby lowering Ypt1p affinity for GDP by an order of magni-
tude. Thus, the perturbation of Tyr33 during switch I reorganiza-
tion would similarly be expected to weaken the affinity for GDP in
the TRAPPI-bound form of Ypt1p and accelerate GDP release by
roughly an order of magnitude.
The switch II region of the nucleotide-binding pocket also
alters its conformation in the Ypt1p/TRAPPI complex. Switch II
residues are disordered in the Rab1a/GDP structure (PDB ID
2FOL), and their conformation differs in the active and TRAPPI-
bound forms of Ypt1p (Figures 3A and 3B). In the Ypt1p/TRAPPI
complex, switch II is folded against a surface formed by helices
H1 of Trs23p, H1 of Bet5p, and residues near the C terminus of
Bet3p-B of TRAPPI. This interaction drives the formation of a
helix (H2; Figures 2, 3A, and 3B) and moves switch II residues
out of the nucleotide-binding pocket as compared with their
position in activated Ypt1p. We will discuss the implications of
switch II folding below.
Figure 1. Structure of Ypt1p Bound to
TRAPPI Subcomplex
(A) The TRAPPI complex is shown as a surface
representation, and Ypt1p is shown as a backbone
worm. In TRAPPI, different polypeptide chains are
colored differently. In Ypt1p, switch regions I and II
are yellow. At left, the positions of Cys80 and the
hydrophobic channels in the two copies of Bet3p
are labeled with red arrows. The right panel shows
the same complex rotated about the horizontal
axis indicated.
(B) A surface representation of TRAPPI colored by
electrostatic potential (blue = basic; red = acidic)
with Ypt1p shown as a backboneworm. The orien-
tations of the protein complexes are identical in (A)
and (B).
(C) A ribbons representation of TRAPPI oriented as
shown on the left in (A). The palmitoylate group
modeled into the Bet3p-A hydrophobic channel
is yellow.
The conformation of the P loop in
TRAPPI-bound Ypt1p is similar to that of
nucleotide-bound forms of Ypt1p and
Rab1a. In the Ypt1p/TRAPPI complex,
the loop is stabilized in part by a hydro-
gen-bonding interaction between the P
loop residue Lys21 and Glu192 in the
Bet3p-A C terminus (Figures 3A and
3B). As modeled, this glutamate side
chain (including Cb and Cg as well as
the carboxylate group) would be within
1.6 A˚ of the nucleotide phosphates in
the nucleotide-bound forms of Ypt1/
Rab1a, in a position incompatible with
nucleotide binding. However, the se-
quence identity of residue 192 is not crit-
ical for nucleotide exchange, as the
E192A/D193A double mutation in the Bet3p C terminus has
only a small effect on GEF efficiency (Table 1 and Figure 4A).
TRAPPI Mutants with Impaired GEF Activity
Our structural studies suggest that the Bet3p-A C terminus,
which is inserted into the Ypt1p nucleotide-binding site, may
play an important role in guanine nucleotide exchange. The C
terminus may be important for initiating the conformational
changes in switch I that help to catalyze nucleotide exchange.
Additionally, contacts with the Bet3p C terminus seen in the
structure (Figure 2) may be important for stabilizing switch I in
its new conformation. To assess the importance of the Bet3p
C terminus for exchange, we prepared TRAPPI subassemblies
that incorporate C-terminally truncated versions of Bet3p. Con-
structs of Bet3p that contained 185, 188, or 191 residues of the
193 amino acid sequence catalyzed nucleotide exchange at
least 150-fold less efficiently than the TRAPPI complex with
full-length Bet3p (Table 1 and Figures 4A and 4B), consistent
with a critical role for the entire Bet3p C terminus in the exchange
mechanism.1204 Cell 133, 1202–1213, June 27, 2008 ª2008 Elsevier Inc.
Figure 2. The Ypt1p/TRAPPI Interface
(Top) The complex is shown with Ypt1p in purple, except for switches I and II (orange) and the P loop (yellow). The TRAPPI complex is white, except for the
C terminus of Bet3p-A (green).
(Bottom) Ypt1p has been pulled away from the TRAPPI surface and rotated by 180 about a vertical axis. Ca positions of residues within 4 A˚ of the interface are
labeled and colored.Mutations in other TRAPPI surfaces at the Ypt1p interface
would also be expected to affect Ypt1p recognition and possibly
nucleotide exchange. Indeed, we were able to entirely, or almost
entirely, eliminate TRAPPI GEF activity by mutating surface
patches on any one of three different subunits: Bet3p, Bet5p,
or Trs23p (Table 1 and Figures 4B and 4D). We found that
mutations in the Trs23p surface that interacts with strand S1 in
the Ypt1p N terminus (S12K/G14M/L34K and M200A/P201W/
R203S) abrogate GEF activity entirely (Table 1 and Figure 4B).
Similarly, mutations designed to interfere with a switch I interac-
tion, a double mutation in Bet5p (G46W/S50K), or a point
mutation in Trs23p (S38R) completely inactivated TRAPPI
(Table 1 and Figure 4B). Finally, a quadruple mutation in
Trs23p (H41A/G42M/A45W/I46R) at the switch II binding surface
of TRAPPI reduced the catalytic efficiency to residual levels
(Table 1 and Figure 4B).
In addition to assessing the consequences of each of these
mutations in vitro, we also examined their effect on viability in
yeast. Two different methods were used to construct the mu-
tants. The C-terminal truncations of Bet3p were constructed
using the method of Longtine et al. (1998). For the other muta-
tions, a mutant copy of each gene was constructed by site-
directed mutagenesis on a CEN plasmid (LEU2) and then
transformed into a strain in which the sole copy of the wild-type gene was on a CEN balancing plasmid (URA3). The bal-
ancing plasmid with the wild-type gene was subsequently
lost on a 5-fluoroorotic acid (5-FOA) plate, allowing us to
evaluate the effect of the mutation on growth. We found that
TRAPP mutants lacking all GEF activity in vitro were invi-
able (Table 1 and Figure 4C). However, mutants with residual
in vitro activity grew as well as wild-type at 25C or 37C
and did not display defects in invertase secretion (Table 1
and Figures 4C and S3). A likely explanation for this apparent
anomaly is that TRAPPI may act more effectively in the cell
than in vitro. Soluble TRAPPI and Ypt1p were used in vitro,
whereas in cells, Ypt1p is anchored to a membrane via its pre-
nylated C terminus, and exchange occurs at the membrane.
Thus, the effect of certain mutations may be less pronounced
in vivo than in vitro.
Mechanism for Ypt1p Activation
Biochemical solution studies of nucleotide binding and ex-
change reveal the kinetic basis of Ypt1p activation by TRAPPI.
TRAPPI accelerates the dissociation of Ypt1p-bound GDP
(k-GDP) >400-fold (Table 1 and Figure 4A). The initial velocities
of TRAPPI-dependent nucleotide exchange (Table 1 and
Figure 4A) yield apparent second-order rate constants for
TRAPPI activation of nucleotide exchange from Ypt1pCell 133, 1202–1213, June 27, 2008 ª2008 Elsevier Inc. 1205
(equivalent to the enzymatic kcat/Km) and serve as a practical
reference with which to assess the catalytic efficiency of a GEF
(Itzen et al., 2007). The catalytic efficiency of TRAPPI, .016 ±
.001 mM1s1, is intermediate between two other characterized
Rab GEFs, Vps9 and Sec2p (Esters et al., 2001; Itzen et al.,
2007). In addition, TRAPPI accelerates GTP binding to Ypt1p
(k+GTP) 30-fold (Figure 4E), more than has been observed for
other Rab GEFs (Esters et al., 2001; Itzen et al., 2007) but com-
parable to non-RabGEFs (Klebe et al., 1995). The acceleration of
nucleotide dissociation and binding serves as a framework for
formulating structure-based models of TRAPPI-mediated nucle-
otide exchange from Ypt1p.
The structure and kinetic analysis of TRAPPI mutants (Table 1
and Figure 4) suggest an important role for the Bet3p-A C termi-
nus in the guanine nucleotide-exchange mechanism. In the
structure, which represents an intermediate in exchange follow-
ing release of bound nucleotide, the Bet3p-A C terminus invades
the GTPase nucleotide-binding pocket. We propose that the
Bet3p-A C terminus functions in the remodeling of switch I that
promotes the release of bound nucleotide. Conformational
changes in switch I open the nucleotide-binding pocket and, in
effect, uncage bound nucleotide to facilitate GDP release. Addi-
tionally, switch I remodeling removes Tyr33, which stabilizes
bound nucleotide (Eathiraj et al., 2005), from the binding site.
This likely also plays a role in accelerating GDP release. Based
on our kinetic analysis of the Ypt1p Y33A mutant, however, we
would expect at most a 10-fold increase in GDP release with
loss of the Tyr33 contact. The >400-fold acceleration in GDP
release effected by TRAPPI must also result from other factors,
such as the opening of the nucleotide-binding pocket discussed
above. The Tyr33 perturbation does, however, help to explain
the lower affinity of the TRAPPI-bound form of Ypt1p for GDP,
which is an order of magnitude weaker than that of Ypt1p
(unpublished data). The shift of the Ypt1p 150 s loop (residues
150–155) into a site close to that normally occupied by the gua-
nosine base, which is induced by interactions with TRAPPI, may
also weaken the affinity of Ypt1p for nucleotide. The final step of
the nucleotide exchange reaction involves GTP uptake, which is
accelerated by TRAPPI (Figure 4E). Holding switch I in an open
conformation, which makes the pocket more solvent accessible,
likely accounts at least partly for this acceleration. The folding of
switch II, which adopts similar conformations in the Ypt1p/
TRAPPI complex and the GTP-bound form of Ypt1p (Figures
3A and 3B), would also contribute to faster GTP association
with the TRAPPI-bound formof theGTPase. Elements of TRAPP,
particularly the Bet3p-A C terminus, occupy a part of the nucle-
otide-binding pocket in the complex with Ypt1p. Any decrease in
the rate of GTP binding that results from the need for these ele-
ments to exit the binding site must be more than compensated
for by the favorable conformations of switches I and II.
All knownGEFs reconfigure the nucleotide-binding pocket, of-
ten opening it by rearranging the switch regions (reviewed in Bos
et al., 2007). Many GEFs facilitate this rearrangement by insert-
ing a protein ‘‘wedge’’ into either the magnesium or the nucleo-
tide-binding site (Bos et al., 2007). With TRAPPI, the C-terminal
end of Bet3p-A may be functionally equivalent to a wedge,
Figure 3. The Mechanism for Nucleotide
Exchange
Comparison of the nucleotide-free form of Ypt1p
in the Ypt1p/TRAPPI complex with (A) GDP-bound
Rab1a (PDB ID 2FOL) and (B) GppNHp-bound
Ypt1p (1YZN). The nucleotide-free form of Ypt1p
is purple, except for the switch regions and the P
loop (lavender). The C terminus of Bet3p-A, includ-
ing the E192 and D193 side chains, is green. Nu-
cleotide-bound forms of Ypt1p/Rab1a are white,
including the Y33 side chain. Nucleotide is gray,
and the magnesium cation is blue.
(C) GDP dissociates from the Ypt1p (Y33A) mutant
approximately ten times faster than fromWTYpt1p.
Time course of [3H]-GDP dissociation from 400 nM
Ypt1p (black) and Ypt1p(Y33A) (green) is shown; it
was measured by a filter-binding assay described
in the Supplemental Data. The solid line through
the data is the best fit to a single exponential yield-
ing the GDP dissociation rate constant (kGDP) of
1.21 ± 0.22 3 104 s-1 for Ypt1p and 16.3 ± 0.6 3
104 for Ypt1p(Y33A). The inset shows the same
data over a shorter time interval.
(D) GDP associates with Ypt1p and Ypt1p(Y33A) at
similar rates. MantGDP binding to nucleotide-free
Ypt1p or Ypt1p(Y33A) was continuouslymonitored
by fluorescence (Figure S6A). The concentration
dependence of kobs for Ypt1p (black) and Ypt1-
p(Y33A) (green) is shown. The second-order asso-
ciation rate constants for GDP binding (k+GDP)
determined from the slopes of the best fits to the
data over this range are 0.05 ± 0.01 mM1 s1 for
Ypt1p and 0.07 ± 0.01 mM1 s1 for Ypt1p(Y33A).1206 Cell 133, 1202–1213, June 27, 2008 ª2008 Elsevier Inc.
Table 1. Activation of Ypt1p by TRAPPI and TRAPPI Mutants
Construct
Color in
Figure 4D [TRAPPI] (mM) k-GDP,obs (s
1)a
Relative Rate
Increaseb ‘‘kcat/KM’’
c (mM1 s1)
Growth
Phenotyped
No TRAPPI 0 1.21 3 104 ± 0.22 3 104 1 N.A. N.A.
TRAPPI, WT 3.5 >0.07 >400 0.016 ± 0.001 +
TRAPPI Bet3p
(E192A/D193A)
green 10 >0.03 >400 0.003 ± 0.001 N.A.
TRAPPI Bet3p truncation
(1–185 only)
18 7.43 3 104 ± 0.98 3 104 6 <0.0001 +
TRAPPI Bet3p truncation
(1–188 only)
24 7.03 3 104 ± 1.93 3 104 6 <0.0001 +
TRAPPI Bet3p truncation
(1–191 only)
15 1.22 3 103 ± 0.19 3 104 10 <0.0001 N.A.
TRAPPI Bet5p
(G46W/S50K)
cyan 28 1.14 3 104 ± 0.33 3 104 1 <0.0001 
TRAPPI Trs23p
(H41A/G42M/A45W/I46R)
indigo 30 2.03 3 104 ± 0.29 3 104 2 <0.0001 +
TRAPPI Trs23p
(M200A/P201W/R203S)
purple 26 1.30 3 104 ± 0.24 3 104 1 <0.0001 
TRAPPI Trs23p (S38R) yellow 35 1.16 3 104 ± 0.084 3 104 1 <0.0001 
TRAPPI Trs23p
(S12K/G14M/L34K)
orange 28 7.2 3 105 ± 9.6 3 106 1 <0.0001 
aObserved GDP dissociation rate constant.
bRelative to Ypt1p in the absence of TRAPPI.
cCatalytic efficiency, taken as initial slope of TRAPPI concentration dependence on exchange rate k-GDP,obs at subsaturating TRAPPI concentration
(see Delprato et al., 2004).
d +/ indicates viability/inviability; N.A. means ‘‘not available/applicable.’’though it differs mechanistically in that it is not a rigid structural
element and may be poorly ordered in the absence of Ypt1p.
TRAPPI is similar to GEFs for Ras and several of the Rab
GTPases (Boriack-Sjodin et al., 1998; Delprato and Lambright,
2007; Dong et al., 2007; Sato et al., 2007) in that the guanine nu-
cleotide-exchange mechanism involves the displacement of
a conserved aromatic residue required for nucleotide stabiliza-
tion. In Ypt1p, this aromatic side chain is Tyr33.
TRAPPI differs most strikingly from other GEFs in that its
exchange activity is linked to the assembly of a multimeric sub-
complex. Our structure delineates a role for each of the subcom-
plex proteins in nucleotide exchange. TRAPPI provides a surface
against which regions of Ypt1p are reorganized into their nucle-
otide-free conformation. Most of this surface is formed by the
Trs23p subunit, but smaller contributions from Bet3p (A and B)
and Bet5p are also important (Figure 2). Indeed, we have shown
that mutations in the surfaces of any of the three proteins can
interfere with TRAPPI GEF activity (Table 1 and Figure 4). Addi-
tionally, Bet5p has a major structural role both as a linker
between Trs23p and Bet3p-A and in directing the Bet3p-A
C-terminal residues toward the Ypt1p nucleotide-binding
pocket. The C terminus of Bet3p-A, which perturbs the nucleo-
tide-binding pocket in the Ypt1p/TRAPP complex, enhances
the efficiency of guanosine nucleotide exchange.
Trs31p does not interact directly with Ypt1p, and yet a TRAPPI
subcomplex lacking Trs31p does not activate Ypt1p (Kim et al.,
2006). Comparison of our structure with those of the vertebratecomplexes Trs20/Bet3-B/Trs31 and Trs23/Bet5/Bet3-A/Trs33
(PDB IDs 2J3W, 2J3T; Kim et al., 2006), neither of which has
GEF activity (Kim et al., 2006; Cai et al., 2007b), suggests that
Trs31p promotes GEF activity by affecting the conformation of
Trs23p at the Ypt1p-binding interface. Bet3p-B/Trs31p and
Trs23p/Bet5p/Bet3p-A subcomplexes from yeast and verte-
brates superimpose well (rmsd values of just 1.8 A˚ on 317 equiv-
alent Ca positions and 2.4 A˚ on 414 equivalent Ca positions,
respectively). However, the structures differ significantly at
the three-way interface between Trs23p, Trs31p, and Bet3p-B
(Figure 5). The formation of this TRAPPI interface, which is not
present in either of the vertebrate complex structures, causes
complementary shifts in elements of Trs31p and Trs23p. In par-
ticular, the connecting loop between strand S2 and helix H4 of
Trs31p moves toward Trs23p, and helices H2 and H3 of
Trs23p with their connecting loop shift by up to 12 A˚ to accom-
modate the new position of the Trs31p loop. The shifted con-
necting loop in Trs23p interacts with Ypt1p (strand S1) in the
Ypt1p/TRAPPI complex (see Figure 2), and this interaction is
important for GEF activity because mutations in the loop
(M200A/P201W/R203S) abolish GEF function (Table 1 and
Figure 4B). Thus, binding of the GTPase may depend on
conformational changes resulting from the formation of the
Trs23p/Trs31p/Bet3p-B interface. Alternatively, the formation
of the three-way interface may stabilize conformational changes
that only occur upon Ypt1p binding. The importance of the
Trs23p/Trs31p/Bet3p-B interface for GEF activity is supportedCell 133, 1202–1213, June 27, 2008 ª2008 Elsevier Inc. 1207
by the finding that a double mutation in Trs23p (T136E/Y183D) at
this interface abolishes TRAPPI activation of Ypt1p (Kim et al.,
2006).
In summary, Bet3p, Bet5p, and Trs23p are essential for Ypt1p
binding, with theC terminus of Bet3p-A playing a critical catalytic
role in the exchange mechanism. Bet5p is necessary for the as-
sembly of theGEF core; and Trs31p, and likely Bet3p-B, appears
to function allosterically by affecting the conformation of Trs23p.
TRAPPII Is Also a Ypt1p Exchange Factor
To date, ten different TRAPP subunits have been identified
(Sacher et al., 2000). TRAPPI and TRAPPII share seven of these
subunits, while three subunits (Trs65p, Trs120p, and Trs130p)
are unique to the larger TRAPPII complex (Sacher et al., 2001).
The observation that TRAPPII contains all of the subunits that
are essential for Ypt1p activation prompted us to determine
whether TRAPPII is also a Ypt1p GEF. To isolate fully assembled
TRAPPI and TRAPPII complexes, we used a yeast strain in which
Protein A-tagged Bet3p replaced the endogenous protein. The
tag we used has no appreciable effect on the assembly of the
TRAPP complexes (Cai et al., 2005) or on Ypt1p activation
(Wang et al., 2000). Lysate prepared from this strain was sieved
on a Superdex-200 column to separate TRAPPI and TRAPPII, as
described previously (Sacher et al., 2001). Fractions containing
Figure 4. Kinetic and Mutational Analysis of
TRAPPI
Data in (A) and (B) were used in calculating
‘‘kcat/KM’’ and kGDP,obs values reported in Table 1.
(A) MantGDP dissociation from Ypt1p (250 nM) in
the presence of TRAPPI (Bet3p, Bet5p, Trs20p,
Trs23p, and Trs31p) and TRAPPI mutants was
continuously monitored by fluorescence (lex =
280 nm, lem = 435 nm; Figure S6C). TRAPPI
(red) and Bet3p (E192A/D193A) mutant (blue) con-
centration dependence of the observed GDP dis-
sociation rate constant (k-mGDP,obs) is shown. The
solid lines are best fits of the data to linear func-
tions, yielding the catalytic efficiencies (apparent
kcat/KM) from the slopes.
(B) Other mutants had only residual GEF activities.
Time courses of [3H]-GDP dissociation from
400 nM Ypt1p in the absence (black) or presence
(blue) of the indicated TRAPPI mutant are shown;
Table 1 lists TRAPPI concentrations. Solid lines
are the best fits to single exponentials yielding
the observed GDP dissociation rate constant
(k-GDP,obs).
(C) Yeast cells harboring mutations in bet5 and
trs23, which reduce GEF activity in vitro, were
grown at 25C on 5-FOA plates. All these
mutants were inviable, except for trs23 (H41A/
G42M/A45W/I46R), which also grows at 37C
(data not shown). Yeast cells harboring C-terminal
truncations in bet3, which reduce GEF activity
in vitro, were grown at 25C and 37C on YPD
plates. The 37C plate is shown. The bet3 trunca-
tion mutants were viable.
(D) TRAPPI oriented as in Figure 1A on the left.
Residues that were mutated are indicated. Green,
residues 192–193 in Bet30p; cyan, 46, 50 in Bet5p;
orange, 12, 14, 34 in Trs23p; purple, 200–201, 203
in Trs23p; yellow, 38 in Trs23p; indigo,
41–42, 45–46 in Trs23p.
(E) TRAPPI-bound Ypt1p associates with GTP
30 times faster than Ypt1p alone. MantGTP
binding to nucleotide-free Ypt1p or Ypt1p/TRAPPI
complex was monitored by fluorescence
(Figure S6B). MantGTP concentration depen-
dence of kobs for Ypt1p (black) and Ypt1p/TRAPPI
complex (red) is shown. The second-order associ-
ation rate constants for mantGTP binding (k+GTP)
determined from the slopes of the best fits of the
data are 0.10 ± 0.01 mM1 s1 for Ypt1p and
3.2 ± 0.1 mM1 s1 for Ypt1p/TRAPPI.1208 Cell 133, 1202–1213, June 27, 2008 ª2008 Elsevier Inc.
either complex were then incubated with IgG Sepharose beads
and washed. An analysis of the subunits present showed that
both Trs33p and Trs130p were on the TRAPPII-containing
beads, while TRAPPI-coated beads contained only Trs33p
(data not shown). We found that TRAPPII potently stimulates nu-
cleotide exchange on Ypt1p (Figure 6A). Furthermore, when we
normalized guanine nucleotide exchange activity to the amount
of Trs33p present in each fraction, TRAPPII and TRAPPI had
comparable activity (Figure 6A). As would be expected for
a Ypt1p GEF, TRAPPII binds to both nucleotide-bound forms
of the GTPase and preferentially to the GDP-bound form
(Figure 6B). Our results differ from earlier studies that suggested
that TRAPPII is not an exchange factor for Ypt1p (Morozova
et al., 2006). In that study, TRAPP complexes were isolated
from a strain overexpressing GST-tagged Bet5p, and one expla-
nation is that the GST tag on Bet5p may have interfered with
Ypt1p activation.
The same study suggested that the addition of TRAPPII-spe-
cific subunits converts TRAPPI into a GEF for Ypt31p and its
functionally redundant homolog Ypt32p (Morozova et al., 2006;
also Jones et al., 2000), but we have been unable to repeat these
Figure 5. Model of the TRAPPI Complex
(A) Superposition of the yeast subcomplex containing Trs31p/
Bet3p-B/Trs23p/Bet5p/Bet3p-A with /Trs31/Bet3-B (yellow,
PDB ID 2J3W) and Trs23/Bet5/Bet3-A/Trs33 (white, 2J3T)
complexes from vertebrates. A PDZ-like domain is present
only in mammalian Trs23. Yeast proteins are colored as in Fig-
ures 1A and 1C, and the complex is oriented as in Figures 1A–
1C, left. The largest deviations between the yeast and verte-
brate assemblies are at the three-way interface between
Trs23p, Trs31p, and Bet3p-B (arrow).
(B) Model for the mammalian TRAPP core as it tethers two
COPII-coated vesicles via interactions between Bet3 subunits
of TRAPP andSec23 of theCOPII coat. The two copies of Bet3
and the two vesicles are related by the same 2-fold rotation
about an axis perpendicular to the plane of the page. Equiva-
lent surface patches on Bet3-A and Bet3-B are accessible to
both vesicles only if TRAPP is oriented as shown. The C-termi-
nal residues (175–206) absent from Ypt1p (purple) in our struc-
ture could span the 40 A˚ to the membrane. Ypt1p/Rab1a
becomes anchored in the membrane by its prenylated
C terminus.
results with our TRAPPII preparations (Figures 6C
and 6D). We have also found that a mixture of
TRAPP complexes, isolated using TAP-tagged
Trs33p, did not activate Ypt32p efficiently (Wang
and Ferro-Novick, 2002). The result that TRAPPII
does not efficiently stimulate exchange for
Ypt31p/Ypt32p is consistent with a previous report
showing that depletion of TRAPPI and TRAPPII
from yeast lysates eliminates Ypt1p GEF activity
without affecting GEF activity on Ypt32p (Wang
and Ferro-Novick, 2002). Also consistent with the
finding that TRAPPII is not a GEF for Ypt31p/
Ypt32p, we are unable to detect an interaction be-
tween TRAPPII and Ypt31p-GDP in vitro (data not
shown). Thus, we conclude that TRAPPII is an ex-
change factor for Ypt1p and unlikely to be the exchange factor
for Ypt31p/Ypt32p in vivo.
In addition to acting in ER-Golgi traffic, Ypt1p also functions at
the late Golgi (A.S. and S.F.-N., unpublished data; Cai et al.,
2007a). In this respect, it differs from its mammalian homolog
Rab1, which only mediates membrane transport between the
ER and Golgi (Moyer et al., 2001). Our data indicate that TRAPPII
is the Ypt1p GEF that functions at the late Golgi. Importantly, the
finding that TRAPPII is a Ypt1p GEF implies that the Ypt1p-bind-
ing site that we identified for TRAPPI remains accessible in
TRAPPII. We conclude that TRAPPI and TRAPPII almost cer-
tainly activate Ypt1p by an identical mechanism.
TRAPP Tethering
The superposition, described here, of the two vertebrate
subcomplexes Trs20/Bet3-B/Trs31 and Bet3-A/Bet5/Bet3-
A/Trs23/Trs33 with yeast Bet3p-A/Bet5p/Trs23p/Bet3p-B/
Trs31p gives a model of the intact TRAPPI complex (Figure 5A).
In the larger assembly, Trs20 interacts with Bet3-B/Trs31 and
Trs33 interacts with Bet3-A/Bet5. The model is in agreement
with a model proposed on the basis of the vertebrateCell 133, 1202–1213, June 27, 2008 ª2008 Elsevier Inc. 1209
subcomplexes and an 30 A˚ single particle reconstruction of
yeast TRAPPI (Kim et al., 2006).
The symmetry of TRAPPI suggests amechanism by which this
complex mediates vesicle tethering. It is known that Bet3p inter-
acts with the Sec23p subunit of the COPII vesicle coat (Cai et al.,
2007b). In mammals, it has been demonstrated that the TRAPP
complex mediates homotypic tethering between two COPII-
coated vesicles (Yu et al., 2006). We therefore speculate that
TRAPP interacts similarly with both vesicles via the two copies
of Bet3 (see also Cai et al., 2007b) located at either end of the
core complex as shown in Figure 5B. Bet3-A and Bet3-B would
interact with the COPII subunit Sec23 using the same surfaces
because of symmetry present in the TRAPP complex. Equivalent
surfaces on Bet3-A and Bet3-B are accessible to both vesicles
only if TRAPP is oriented as shown, because in any other orien-
tation, binding by only one vesicle would block access to both of
the equivalent Bet3 surfaces. In yeast, the architecture of the
secretory pathway differs, and TRAPPI mediates heterotypic
tethering of a COPII vesicle with the Golgi. Thus, in yeast cells,
TRAPPI must have the ability to bind a Golgi receptor as well
Figure 6. Yeast TRAPPII Potently Stimulates the GEF Activity of
Ypt1p but Not Ypt31p or Ypt32p
(A) Protein A-tagged TRAPPI and TRAPPII were prepared as described in the
Supplemental Data. The GEF activity on Ypt1p, stimulated by TRAPPI and
TRAPPII, was normalized to Trs33p. The assay is described in the Supplemen-
tal Data. The data shown were obtained from four separate experiments. Error
bars are SEM.
(B) Equivalent amounts of recombinant GST, GST-Ypt1p-GDP, and GST-
Ypt1p-GTP were loaded with nucleotide as described in Supplemental Data,
incubated with yeast lysate as before (Wang et al., 2000), and blotted for the
TRAPPII-specific subunit Trs130p.
(C) The TRAPPII complex, isolated as described above, was assayed for its
ability to stimulate nucleotide exchange on Ypt31p and (D) Ypt32p. For com-
parison, an equivalent amount of TRAPPII was assayed for its ability to activate
Ypt1p. The amount of TRAPPII assayed in (C) and (D) was not equivalent. Error
bars are SEM.1210 Cell 133, 1202–1213, June 27, 2008 ª2008 Elsevier Inc.as Sec23p, but we speculate that the arrangement of the tether-
ing complex with respect to membranes is similar to that of
homotypic fusion. This model is consistent with a scenario in
which TRAPPI first tethers the secretory vesicle to the Golgi
membrane and then, with the Ypt1p-binding site still accessible,
binds and activates the Rab protein. Our model differs from one
previously proposed (Kim et al., 2006), which would predict that
in homotypic fusion, vesicles would interact with TRAPP in two
different ways. (Mutational studies presented in Figure S4
show that data previously cited to support this other model are
incorrect.)
Our recent observation that Ypt1p regulates both ER-Golgi
transport and traffic between the early endosome and late Golgi
(A.S. and S.F.-N., unpublished data) implies that Ypt1p is acti-
vated by one or more GEFs at distinct membrane-trafficking
events. Accordingly, we have shown that TRAPPI, which func-
tions in ER-Golgi traffic, and TRAPPII, which mediates trafficking
events within the Golgi and at the late Golgi (Cai et al., 2005),
both activate Ypt1p. Presumably, TRAPPI and TRAPPII activate
Ypt1p by the same mechanism using subunits shared by both
complexes. The TRAPP complexes also function as tethers,
however, that tether different membranes. TRAPPI, but not
TRAPPII, binds to COPII-coated vesicles in vitro (Sacher et al.,
2001), whereas TRAPPII has been implicated in tethering
COPI-coated vesicles (Cai et al., 2005). Thus, the addition of
TRAPPII-specific subunits (Trs65p, Trs120p, and Trs130p)
must convert TRAPPI from a tether that mediates interactions
between the COPII coat and early Golgi to one that functions
in recognition between the COPI coat and late Golgi. Such a con-
version implies that the TRAPPII-specific subunits not onlymedi-
ate these new interactions but also mask binding sites on
TRAPPI that would allow for interactions with the COPII coat
and early Golgi.
Concluding Remarks
A formidable obstacle in understanding membrane traffic has
been the limited knowledge regarding the interactions between
the many proteins that coordinate these events. In this work,
we have visualized the five proteins of the GEF core of TRAPP
as they cooperate to activate Ypt1p. We propose that interac-
tions with four proteins (Bet3p-A, Bet3p-B, Bet5p, and Trs23)
in the complex stabilize Ypt1p in an open conformation facilitat-
ing nucleotide exchange. The Trs31p subunit does not interact
directly with Ypt1p but regulates the conformation of Trs23p at
the Ypt1p interaction surface.
EXPERIMENTAL PROCEDURES
Cloning Strategies and Protocols Used for Constructing
the bet3, bet5, and trs23 Mutants
Details are in the Supplemental Data.
Overexpression and Purification
We prepared several TRAPPI subcomplexes. We were able to obtain crystals
only with a complex containing Bet3p, Bet5p, Trs23p, and Trs31p but not
additional TRAPPI subunits (Trs20p and/or Trs33p). We used a larger complex
that additionally contained Trs20p for guanosine nucleotide-exchange assays.
This second complex contains all essential TRAPPI subunits and was reported
to be indistinguishable from intact TRAPPI, as monitored by GDP release and
GTP uptake assays (Kim et al., 2006; Cai et al., 2007b).
For overexpression of TRAPPI subcomplexes, three Duet plasmids harbor-
ing genes for BET3, BET5, TRS23, TRS31, and optionally TRS20 were
cotransformed into E. coli BL21(DE3) cells by electroporation. When the cells
reached an OD600 of 0.6–0.8, they were shifted to 25C, and protein
expression was induced with 0.5 mM IPTG. Cells were harvested 18 hr after
induction. Selenomethionine-substituted protein was produced similarly,
according to established protocols (Doublie, 1997). TRAPPI subcomplex
was purified by Ni-NTA chromatography (QIAGEN). Complexes used in gua-
nine nucleotide-exchange assays were further purified by gel filtration on
a Superdex-200 column (GE Healthcare) to remove the Bet3p/Trs31p heter-
odimer. The gel filtration buffer (A) contains 10 mM Tris (pH 8.0), 300 mM
NaCl, and 1 mM DTT. Complexes used in crystallization were treated with
TEV to remove the Trs31p hexahistidine tag.
His6-Ypt1p was also overexpressed in E. coli BL21(DE3) cells at 25
C, as
was the selenomethionine-substituted Ypt1p, and purified using Ni-NTA resin
(QIAGEN).
To prepare the His6-Ypt1p/TRAPPI complex for crystallization, a TRAPPI
complex consisting of Bet3p, Bet5p, Trs23p, and Trs31p was incubated at
room temperature overnight with a molar excess of His6-Ypt1p (residues
1–180) and 20 mM EDTA. EDTA strips magnesium and nucleotides from
Ypt1p, thereby facilitating the formation of the Ypt1p/TRAPPI complex. Similar
protocols have been used in purifying a number of other GTPase/GEF com-
plexes (see Goldberg, 1998; Renault et al., 2001; or Delprato and Lambright,
2007), and the EDTA treatment does not inactivate Ypt1p (Figures 4A and
4E; Esters et al., 2001). The protein mixture was loaded onto a Superdex-
200 column (GE Healthcare, in buffer A with 10 mM DTT) to separate the
Ypt1p/TRAPPI complex from uncomplexed Ypt1p, excess Bet3p/Trs31p het-
erodimer, and TEV protease. Ni-NTA resin was used to separate His6-Ypt1p/
TRAPPI from TRAPPI. Protein was exchanged into buffer A and concentrated
to 20 mg/ml.
Crystallization
Crystals of the selenomethionine-substituted Ypt1p/TRAPPI complex were
grown at 22C by the hanging-drop vapor diffusion method. Drops consisted
of 1.5 ml each of protein solution and reservoir solution (100 mMMES [pH 6.5],
3%–5% [w/v] PEG 20,000, 3% [w/v] sorbitol, and 5 mM DTT). Crystals were
crosslinked with glutaraldehyde (Heras and Martin, 2005) and then transferred
through a solution of mother liquor augmented to contain 20% glycerol (v/v),
mounted in nylon loops, and flash-frozen in liquid nitrogen (Rodgers, 2001).
Data were collected at beamline 24-ID-C at the Advanced Photon Source,
Argonne National Laboratory and processed with HKL2000 (Otwinowski and
Minor, 1997). Crystals belong to space group P21 (a = 115.1, b = 115.4, c =
290.1 A˚, b = 90.3) and diffract to 3.7 A˚. They show no evidence of twinning.
Data Collection and Structure Determination
For phasing, data sets were collected at the selenium edge and at a remote
wavelength. To locate the selenium positions, we initially worked in a higher
symmetry space group, P41212, a strategy allowed by pseudosymmetry in
the crystal lattice. Once the selenium positions had been located using
SHELXD (Schneider and Sheldrick, 2002), we worked in the P21 space group.
One hundred selenium sites were used in calculating phases. The selenium
positions were refined and initial density-modified phases calculated using
SHARP (de La Fortelle and Bricogne, 1997). There are four copies of each
Ypt1p/TRAPPI complex in the asymmetric unit. The four copies were averaged
using the RAVE suite of programs (Kleywegt et al., 2001) in conjunction with
CCP4 (Collaborative Computational Project, 1994) for improved maps. Elec-
tron density maps used for model building were sharpened, with B-factors
ranging between 55 and 100 A˚2 (Figure S5). In building the model, we
were guided by the selenium positions, as well as by structures available for
vertebrate subunits of TRAPP and for nucleotide-bound forms of Ypt1p/
Rab1a. Neither the Bet3p C termini nor the palmitoylate groups in the
Bet3p-A channels were modeled initially, and they were added only during
refinement. The final model includes residues 6–193 and 8–193 of Bet3p-A
and Bet3p-B; 1–21 and 35–156 of Bet5p; 2–55, 67–75, 104–148, and169–219 of Trs23p; and 55–103 and 165–282 of Trs31p. For Ypt1p, residues
4–31 and 37–174 were modeled.
The initial model was built with O (Kleywegt and Jones, 1997). The structure
was refined by iterative cycles of manual refitting, torsion angle dynamics, and
B-factor refinement in CNS (Brunger et al., 1998). Phi/psi restraints were
placed on helical regions, and the four complexes in the asymmetric unit
were restrained to be similar. Composite omit maps were a valuable tool in re-
building, though high temperatures (4000 K) were necessary during the torsion
angle dynamics in order to remove phase bias. One round of averaging was
applied to the omit maps, and the averaged map was consulted for rebuilding.
The density for the Bet3p C termini and the Bet3p-B palmitoylate groups is
clear in all composite omit maps (see Figure S1). Final refinement statistics
are shown in Table S1.
Figures were prepared using the programs Ribbons (Carson, 1997) or Grasp
(Nicholls, 1993).
Transient Kinetic Analysis
Kinetic analysis of nucleotide binding and dissociation was done following
established procedures (Hannemann et al., 2005) and is described in the
Supplemental Data. Briefly, nucleotide binding to Ypt1p was measured from
the fluorescence enhancement associated with Forster resonance energy
transfer from Ypt1p tryptophan residues to bound mant- (N-methylanthrani-
loyl-) nucleotide (Invitrogen) after rapid mixing under pseudo-first-order condi-
tions ([nucleotide] > > [Ypt1p] or [Ypt1p/TRAPPI]). GDP exchange from Ypt1p
is limited by dissociation of bound GDP and was measured by quantitation of
tritiated GDP using a filter-based binding assay (Wang et al., 2000) and/or from
the fluorescence of mantGDP.
Nucleotide Exchange Assays and In Vitro Binding with TRAPPII
Details are in the Supplemental Data.
ACCESSION NUMBERS
The coordinates for the Ypt1p/TRAPPI complex have been deposited in the
Protein Data Bank with the accession code 3CUE.
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